A new statistical method for estimating the lag time between onset of and death from an occult tumor is proposed for data without cause-of-death information. In this method, the survival function for time to tumor onset, tumor-specific survival function, and competing risks survival function are estimated using the maximum likelihood estimates of the parameters. The proposed method utilizes the estimated survival functions and statistically imputed fatal tumors to estimate the lag time. This approach is developed for rodent tumorigenicity assays that have at least one interim sacrifice and a terminal sacrifice. If the data contains cause-of-death information given by pathologists and it is believed to be reliable, it may be used for estimating the lag time. The proposed method is illustrated using a real data set. The accuracy of the estimation of lag time is evaluated via a Monte Carlo simulation study. Our study shows that the estimated lag time is quite reliable.
Introduction
Animal carcinogenicity experiments are employed to test the carcinogenic potential of drugs and other chemical substances used by humans. Many methods have been proposed for analyzing tumor incidence data from animal bioassays. Kodell and Nelson (1980) presented a parametric model to estimate the average time to death from a specific tumor after onset for data with cause-of-death information and interim sacrifices.
However, the elapsed-time (lag-time) estimation has not been done extensively by other researchers. In this paper, a method is proposed for finding a representative estimate of the lag time in conjunction with the estimates of the survival functions and imputed number of fatal tumors proposed by Ahn, Kodell and Moon (2000) and modified by Moon, Ahn and Kodell (2002) . The proposed method for lag-time estimation is based on a nonparametric model, and can be applied to data with either interim sacrifices. It is designed for data lacking cause-of-death information, although it can utilize the cause-ofdeath assigned by pathologists.
A survival/sacrifice experiment with benzidine dihydrochloride was conducted at the National Center for Toxicological Research to study strain and sex differences with regard to chemically-induced liver tumors in mice. The data were previously introduced and analyzed by Kodell and Nelson (1980) . Male and female mice from two strains (F1 and F2) were used. The data from dose groups 60 ppm, 120 ppm, 200 ppm and 400 ppm were reported in Kodell and Nelson (1980) . The counts of sacrifices and deaths with and without the tumor of interest are given in Table 1 . Figure 1 shows the difference between the time-to-tumor-onset survival function ) (t S and the tumor-specific survival function ) (t P for each strain and sex. These survival functions will be discussed in Section 2.
The lag-time estimation requires cause-of-death information. Currently, cause-ofdeath information is obtained from case-by-case assignment of context of observation by pathologists in animal carcinogenicity experiments. In practice, however, accurate determinations of the cause of death are not easy, and classification errors can produce biases (Lagakos, 1982; Racine-Poon and Hoel, 1984; Lagakos and Louis, 1988) . In this study, the imputed cause of death by Moon et al. (2002) is used as a replacement of the cause-of-death assignment by pathologists.
In estimating lag time, the control and dose groups are pooled for estimating the parameters, since it is desirable to estimate one representative lag time for a specific tumor. We expect to obtain a better lag-time estimate by pooling the data by using more information. The analysis by Kodell and Nelson (1980) showed that the average tumor onset time varies for the different dose groups, but the average time to death from a specific tumor after onset does not change substantially for different dose groups.
In this paper, the maximum likelihood estimates of the parameters obtained by Kim et al. (2007) and the imputed number of fatal and incidental tumors obtained by Ahn et al. (2000) are used in the proposed method for estimating the lag time. Alternatively, the number of fatal and incidental tumors assigned by pathologists can be used for the lag-time estimation, although we recommend using the statistically imputed numbers.
Estimation of Time to Onset
For the purpose of estimating the lag time, combine the data in control and all the dose groups. Divide the time scale into discrete intervals, with the jth interval given by 
After the reparameterization, Kim et al. (2007) and .
Further details are given in Kim et al. (2007) .
Estimation of Lag Time
In this section, a new method is developed for calculating a representative estimate of the elapsed time (lag time) between the time to onset of an occult tumor and the time that it causes the death of an animal.
To estimate the lag time, several notations will be introduced. Let j Tb be the number of tumor bearing animals at the jth interval; then j Tb can be expressed as
To be the number of tumors that occurred at the jth interval, and let j Te be the number of deaths or sacrifices with tumor at the jth
as the number of deaths at the jth interval from the tumor of interest having interval lag k (tumor occurred at the th
For the first interval, it is clear that 1
To is the same as 1 Tb and for ,
To can be obtained as
To avoid having a negative estimate of ,
In order to make an adjustment of j Tb and , (4) and (5), we obtain Table 3 . The cause of death (COD) assigned by pathologists and the estimated COD are compared in this table. Table 4 presents the estimates of the time-to-onset survival function, ), (t S from Table 3 , along with estimates of a similar tumor onset survival function obtained from a discrete cumulative tumor incidence function produced by the method of Kodell and Ahn (1997) . Note that the method of Kodell and Ahn does not involve cause of death. This Table 5 compares the estimated lag time obtained using the proposed method and the method by Kodell and Nelson (1980) . The estimated lag time by our method is approximately 4 to 6 months after onset. The estimated lag times from our method are quite close to those by Kodell Our estimates appear to be reliable based on the results in Table 4 and the simulation results given in Section 5. The tumor observed in this example can be considered highly lethal according to both the assignment by pathologists and our estimation method. Our estimated lag time is close to the actual lag time according to our simulation study, especially for intermediate and highly lethal tumors.
Simulation
A Monte Carlo simulation study was conducted to evaluate the accuracy of the estimation of the lag time. A bioassay design with four dose groups (0, 1, 2, 4) of 50 animals each was considered. The proposed procedure was simulated to have the NTP intervals (0-52, 53-78, 79-92 and 93-104 weeks) with interim sacrifices at 52, 78 and 92 weeks and a terminal sacrifice at 104 weeks, which is the normal term of a chronic twoyear study in rodents. The interim sacrifices were implemented by rescheduling a portion of the 50 animals per group for early sacrifice, which are normally scheduled for a single terminal sacrifice in the customary lifetime rodent bioassay. Six animals were randomly pre-selected to be sacrificed at the end of each interval. All the remaining live animals were sacrificed at the end of the experiment.
It was assumed that three independent random variables completely determined the observed outcome for each animal. The random variables were the time to onset of tumor, Distributions of time to onset, time to from the tumor of interest, and time to death from competing risks were of the form used by Moon et al. (2002) . The probability of the background tumor onset probability (for the control group) by 104 weeks was chosen to be 0.05 (rare tumor), 0.15 or 0.3 (common tumor). The probability of tumor probability of tumor onset was chosen such that tumor onset probability in the highest dose group by 104 weeks was 5, 3 and 2 times the back ground tumor rates 0.05, 0.15 and 0.3, respectively. The tumor lethality rates were chosen to be approximately 5%, 35% and 60%.
Lag time was calculated after pooling the four dose groups. Five thousand simulated data sets with Weibull tumor onset distributions (with shape parameter 3) were generated with the competing risks survival rate 0.5 and two tumor lethality rates. Table 7 shows the simulation results. The average of the true lag times and the average of the estimated lag times over the 5000 simulation data sets are calculated for each configuration.
It is difficult to obtain an accurate estimation of lag time if the tumor is mostly incidental because of a lack of information on death caused from the tumor. However, our estimated lag time appears to have an agreement with the actual lag time in this table as long as the tumor is moderately or highly lethal.
Concluding Remarks
It is not an easy task to estimate the tumor onset time for an occult tumor. Kodell 
To Tb > (i.e., The joint pdf of W and V is given as The estimated lag time is Figure 1 . Time-to-tumor-onset survival functions (S) and tumor-specific survival functions (P) using the proposed method for the Benzidine data.
